ABSTRACT
INTRODUCTION

20
Most common civil engineering structures are framing systems or shear-beam type structures which when subjected to 21 lateral inertial loading the dominant motion of their masses (floors in buildings or bridge decks) is a linear translation.
22
In such structural systems the seismic induced displacements are primarily controlled with elasticity, damping and 
47
very stiff chevron frame that its deformation is negligible to the translational displacement, ) (t u , of the SDOF structure. Concentric to the flywheel there is an attached pinion with radius, 1  , engaged to a linear rack connected to , is appreciably smaller than the mass of the structure, m .
80
Nevertheless, the effect of supplementing framing structures with rotational inertial may be amplified by installing two (or more) flywheels in series where the first flywheel is a gear-wheel as shown in Figure 2 .
83
Fig. 2.
More than one flywheels in series that amplify the effect of supplemental rotational inertia.
84
For the dynamic analysis of a system shown in Fig. 2 one can certainly proceed with a direct formulation as was done in 85 the previous section for a single flywheel. Nevertheless, given that this proposed concept may involve several flywheels
86
we proceed with a variational formulation where there is no need to calculate the internal forces, 
94
For the two-wheel SDOF system shown in Figure 2, 
99
Substitution of equations (1) and (10) 
Consequently, the equation of motion of the SDOF structure equipped with a n-flywheel rotational inertia system is 122 given again by equation (15); where now the suppression coefficient,  , is given by 
132
FORCE TRANSFERRED TO THE CHEVRON FRAME
133
The force transferred to the chevron frame, 1 F , is an internal force, which can be recovered from the final form of the 
139
Upon subtracting equation (23) from (22) one obtains the internal force transferred to a stiff chevron frame
where  is the suppression coefficient given by equation (20) The inerto-visco-elastic oscillator. displacement of the structure, ) (t u , and it indicates that in this case, ) ( 1 t F , is proportional to the relative acceleration 145 of the SDOF-system. The case of a "flexible" chevron frame is treated in a following section.
146
THE NEED FOR TWO PARALLEL INERTIA SYSTEMS AND THE OPPORTUNITY FOR ENERGY
147
HARVESTING
148
In the previous sections we introduced the concept of supplemental rotational inertia for the seismic protection of 149 traditional framing systems and it was shown that the proposed concept is physically realizable with the arrangement of 150 more than one flywheel in series so that the amplification coefficient given by equation (20) becomes sufficiently large.
151
In the ideal case where energy is not dissipated through friction or other energy dissipation mechanism, equation (15) 152 describes an undamped system (see 
161
can resist only the motion as described by equations (27) and (28). The force from the inerter only opposes the motion.
11
One challenge with the proposed concept is that the rotating flywheels should only resist the motion of the structure 163 without inducing any deformations. This is feasible if the pinion of the first gearwheel that is engaged to the rack is 164 unable to drive the rack and only the motion of the translating rack can drive the pinion-gearwheel. This is similar to the 165 motion of a bicycle where the cyclist can drive the wheel through the pedals; yet, when the bicycle is rolling the pedals 166 may remain idle. Without loss of generality, let assume that upon initiation of motion the structure moves to the left, 167 therefore the front gearwheel rotates counterclockwise and the force on the mass from the gearwheel is to the right 168 (positive). As the mass keeps moving to the left it will slow down and at the instant where the gearwheel will tend to 169 drive he mass due to its angular momentum the force transmission need to become idle. With the proposed 170 arrangement, upon the structure has reached its first maximum displacement and the motion reverses to the right ( 171 0 ) (  t u  ); the front gearwheel keeps rotating freely counterclockwise without inducing any force to the structure.
172
When the structure starts moving to the right ( 0 ) (  t u  ) a second, parallel rotational inertia system (the back 173 flywheels) is needed to oppose the motion, and during the course of this motion the first gearwheel of the back system 174 that is engaged to the rack rotates clockwise. The sequential engagement of the two parallel rotational inertial systems 175 that can only resist the motion is expressed mathematically:
Accordingly, for the two parallel rotational inertia systems that only resist the motion of the structure, the equation of
Clearly, with the two parallel front and back rotational inertia systems the flywheels only resist the motion of the 183 structure and do not induce any energy. Nevertheless, during the time-period where one of the flywheel systems is 184 rotating idle its rotation needs to decelerate appreciably so that when it is again engaged into motion, to be capable to 185 resist the motion through its rotational inertia. One possibility for decelerating the flywheels when rotating idle is to 186 append to their axis an induction generator. With this arrangement, part of the earthquake induced energy will be 187 converted into electricity that may be very much needed at that time.
188
Figure 4 (right) plots the same response quantities as these presented on Figure 4 (left); however now, the rotating 189 flywheels only resist the motion of the structure (when the flywheels rotate idle the transmitting force is zero and in this
190
way throughout the response history the force from the flywheels and the velocity have always opposite signs). In this
191
case the response of the SDOF system described with equations (26) and (27) is decaying with time since part of the 192 seismic induced energy has been harvested through the rotation of the flywheels.
193
RESPONSE SPECTRA OF A MASS WITH A SPRING AND INERTER IN PARALLEL ("INDEFINITELY"
194
STIFF CHEVRON FRAME)
195
The seismic response of the undamped SDOF structure with supplemental rotational inertia as described by equations 
The values of the suppression coefficient,  , appearing in equation (15) 
204
In an effort to illustrate some of the advantages and challenges when suppressing vibrations with supplemental 
210
As an example, the heavy dark line in Figure 5 
215
The value of the 
226
The first observation is that supplemental rotational inertia is effective in suppressing appreciably the peak 
233
When comparing the left plots in Figure 6 which are for the single inerter described with equation (15) (that may 234 induce displacements into the structure) with the right plots in Figure 6 which are for a pair of inerters described 235 with equations (26) and (27) (that can only resist the motion of the structure) we make the following observation.
236
For the case where a very stiff chevron frame is used; when a pair of inerters is employed, spectral displacement are 
Stiff structures or long period pulses
Flexible structures or 
249
Due to its finite stiffness as the rack engages with the pinion, the support of the rotational inertia systems (chevron 
294
In this analysis we are also adding a small amount of viscous damping in the SDOF structure (say % 2   ).
295
Accordingly, the equation of motion of the damped SDOF structure with supplemental rotational inertia shown in 
299
The response of the system with supplemental rotational inertia shown in Figure 3 
326
When a single rotational inertia system is used, the frequency domain solution offered by equations (49) and (50) (38) and (43) and the frequency domain solution given by equations (49) and (50) 329 has been confirmed during the course of this study.
330
The response of the SDOF structure with supplemental damping with constant 
349
The first observation (as in the case of the infinite stiff chevron frame) is that the supplemental rotational inertia is 
377
This paper examines the dynamic response of a SDOF structure when two parallel rotational inertia systems are 378 installed so that they can only resist the motion of the structure without inducing any deformation. This can be 379 achieved if the pinion of each of the gearwheels of the two parallel rotational inertia systems that is engaged to the 380 rack is unable to drive the rack and only the motion of the translating rack can drive the pinion-gearwheel. This 381 arrangement reduces further the spectral displacements; whereas, the results for the forces transferred to the support 382 of the gearwheels are mixed.
383
Finally, the proposed concept where reduction of vibrations is achieved with supplemental rotational inertia so that The inerto-visco-elastic oscillator. The force from the inerter only opposes the motion. Single inerter which may drive occasionally the structure; Right: Pair of inerters which can only resist the motion of the structure.
